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ABSTRACT: Mesoscale convective systems (MCS) are known to develop under ideal conditions of temperature and humidity
profiles and large-scale dynamic forcing. Recent work, however, has shown that summerMCS events can occur under weak syn-
optic forcing or even unfavorable large-scale environments. When baroclinic forcing is weak, convection may be triggered by
anomalous conditions at the land surface. This work evaluates land surface conditions for summer MCS events forming in the
U.S. Great Plains using an MCS database covering the contiguous United States east of the Rocky Mountains, in boreal sum-
mers 2004–16. After isolating MCS cases where synoptic-scale influences are not the main driver of development (i.e., only non-
squall-line storms), antecedent soil moisture conditions are evaluated over two domain sizes (1.258 and 58 squares) centered on
the mean position of the storm initiation. A negative correlation between soil moisture and MCS initiation is identified for the
smaller domain, indicating that MCS events tend to be initiated over patches of anomalously dry soils of ∼100-km scale, but not
significantly so. For the larger domain, soil moisture heterogeneity, with anomalously dry soils (anomalously wet soils) located
southwest (northeast) of the initiation point, is associated with MCS initiation. This finding is similar to previous results in
the Sahel and Europe that suggest that induced meso-b circulations from surface heterogeneity can drive convection initiation.
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1. Introduction

The largest form of deep convection is the mesoscale convec-
tive system (MCS), an organized aggregate of cumulonimbus
clouds. This single cloud system has a very large upper cirriform
cloud structure and is known for its large size (Houze 2004; Feng
et al. 2019). Flash flooding is the prime hazard associated with
long-lasting and slow-moving MCSs, but they are also known to
produce damaging hail, lightning, and tornadoes (Houze et al.
1990; Houze 2004). Beyond their societal impacts, MCS account
for over 50% of the warm season rainfall in the central United
States (Fritsch et al. 1986; Ashley et al. 2003; Feng et al. 2016,
2019; Haberlie and Ashley 2019) and up to 75% of extreme rain-
fall east of the Rocky Mountains in spring and summer (Song
et al. 2019). MCS over land therefore contribute greatly to redis-
tributing water and energy over the central United States.

Due to the size of MCS events and the mesoscale circula-
tions that they produce (Houze 2004, 2018), most research on
their origins has focused on the large-scale atmospheric envi-
ronment in which they form. Feng et al. (2019) found that the
synoptic-scale environment in which MCS initiation occurs is
highly dependent on season and location, with the Great Plains
in particular being a hotspot for these events. In the Great Plains
specifically, MCS events that occur during the warm season tend
to form adjacent to the entrance region of upper-level jets
(Peters and Schumacher 2014; Song et al. 2019). With reference
to the differences between spring and summer large-scale

environments associated with Great Plains MCS, Song et al.
(2019) found that frontal systems and an enhanced Great Plains
low-level jet were responsible for the development of MCSs in
favorable environments, and that the locations of these environ-
ments shift northward during the summer.

An important aspect of the Song et al. (2019) findings is that dur-
ing the summertime, there are two different unfavorable large-scale
environments under whichMCSs can form. Their results show that
the prevailing conditions for both unfavorable conditions include
an upper-level ridge within the vicinity of initiation. Under this
weak baroclinic forcing, sources of convective triggering could be
attributed to small-scale perturbations, including subsynoptic-scale
disturbances and influences of the land surface as suggested by
Feng et al. (2019). Subsynoptic-scale disturbances responsible for
MCS initiations in the Great Plains, such as midtropospheric short-
wave perturbations associated with the Rocky Mountains (Wang
et al. 2011), occur on shorter time scales and therefore do not pro-
vide a sufficient source of predictability for MCS initiation.

How can the land surface influence the formation of MCSs
under weak large-scale forcing? Soil moisture and vegetation
are known to have an influence on precipitation, because the
land surface controls latent and sensible heat flux partitioning
(Koster 2004; Miralles et al. 2014; Zhou et al. 2016), which
subsequently controls the energy available for convective
development and the depth of the planetary boundary layer.
Ultimately, in the absence of synoptic-scale forcing, the
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balance of fluxes will either favor or suppress the triggering of
clouds and precipitation.

Research related to soil moisture–precipitation coupling is
typically focused on unorganized convection to isolate the sig-
nal of the land surface, apart from organized, typically synop-
tically driven systems like the MCS (e.g., Ford et al. 2015;
Guillod et al. 2015). The relationship between the initiation of
deep moist convection and soil moisture has been evaluated
in different locations with different climatological characteris-
tics, notably in the Sahel (Taylor et al. 2011), a “hotspot” for
land–atmosphere interaction according to Koster (2004), all
continents (Taylor et al. 2012) and Europe (Taylor 2015).
These studies suggest that afternoon rainfall over relatively
dry areas is strongest over semiarid regions, and soil moisture
heterogeneity on small scales of O(10) km impacts the loca-
tion of MCS rainfall. This is consistent with a mechanism in
which increased sensible heat flux over drier soils and meso-
scale variability in soil moisture can drive afternoon deep con-
vection (Froidevaux et al. 2014). Tuttle and Davis (2006) and
Trier et al. (2014) discuss the phenomenon of so-called corri-
dor events, wherein MCSs occur over the same region for sev-
eral consecutive days triggered by soil moisture and
atmospheric gradients created by the MCSs themselves.

To examine the role of soil moisture heterogeneity, Baur
et al. (2018) modeled the dynamics of convective precipitation
development over central Europe. Their convective-permit-
ting simulations showed that differential heating over dry and
moist soil patches of different scales generates mesoscale cir-
culations in the planetary boundary layer (PBL). The circula-
tion exhibits divergent motion over anomalously moist
patches and convergent motion over anomalously dry
patches. The main finding associated with this pattern was
that increased convective triggering and precipitation occurs
on the downstream side of dry patches. The influence of the

soil moisture precipitation coupling decreases with increasing
synoptic forcing, and the circulation is most dominant for soil-
moisture perturbations at scales between 40 and 80 km.

The Great Plains, as noted by Koster (2004), is a hot spot
for land–atmosphere feedback and has been the domain of
many smaller case studies focused on soil moisture–precipita-
tion interactions (e.g., Frye and Mote 2010; Ford et al. 2015).
Inspired by the conclusions of Song et al. (2019), this work
aims to evaluate the favorable land surface conditions for
summer MCS initiation in the Great Plains under unfavorable
synoptic conditions. It is hypothesized that, when large-scale
forcing is weak, MCS initiation can occur in the vicinity of
heterogeneous soil moisture conditions, and MCS initiation in
the Great Plains is centered in places where conditions are
locally drier relative to surroundings consistent with the find-
ings of other studies of semiarid regions. This study will assess
the nature of the inhomogeneity of soil moisture at different
spatial scales in order to further elaborate the possible mecha-
nism. In section 2, the main data sources are presented and in
section 3, the main methodology is described. Section 4 pre-
sents the results identifying favorable land surface conditions
and other atmospheric conditions with respect to MCS initia-
tion. A discussion and summary are provided in section 5.

2. Data sources

To establish a relationship between soil moisture and MCS
development, cases of MCSs and soil moisture observations
in the Great Plains during boreal summer are both needed for
analysis. For this study, three datasets are used, one of which
is an observational catalog of convective events that has not
been used previously for this purpose. This combination of
datasets in the Great Plains applied to the above hypothesis is

FIG. 1. Region of interest for storm selection that loosely corresponds to the Koster (2004)
U.S. hotspot. Exact vertices of boundary are the following: (498N, 1108W), (378N, 1038W),
(338N, 1038W), (338N, 918W), (378N, 898W), (498N, 928W). Non-squall-line MCS cases within
the region of interest shown geographically. Shading represents elevation in meters.
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unique to this study. Each dataset is described below in a
respective subsection.

a. MCS event database

MCS events in this study are taken from the MCS database
(Feng et al. 2019; doi.org/10.5439/1571643; Version 1 released
December 2019) covering the contiguous United States east
of the Rocky Mountains, for 2004–16 (hereafter MCS2019).
To produce MCS2019, an updated version of the flexible
object tracker (FLEXTRKR) algorithm (Feng et al. 2018)
was applied to NASA Global MergedIR satellite infrared
brightness temperature (Tb) data (Janowiak et al. 2001) and
the GridRad mosaic 3D Next-Generation Radar (NEXRAD)

dataset (Bowman and Homeyer 2017). The method tracks sig-
nificantly sized cold cloud shields (CCS; Tb , 241 K) that are
generated by deep convection, and then uses radar to define
the convective and precipitation features. MCS2019 is at an
hourly resolution and a 4 km3 4 km spatial resolution.

Within MCS2019, each tracked storm is defined as a large
CCS (area . 6 3 104 km2) containing a precipitation feature
(PF) with a major axis length . 100 km that persists for at
least 6 h and a convective feature containing radar reflectivity
. 45 dBZ at any vertical level (Feng et al. 2019). Earlier work
suggests that achieving mesoscale circulation in the midlati-
tudes requires an MCS to have a length scale of 100 km and
duration of at least 3 h (Parker and Johnson 2000). The MCS
events tracked in Feng et al. (2018, 2019) are longer-lived
MCSs (i.e., events with PFs persisting for at least 6 h).

For each of these tracked storms, MCS2019 provides standard
statistical information, such as location, and derived information
about the MCS lifetimes (i.e., developing, mature, decaying), as
indicated by the rate of growth and the scale of PFs within the
MCS. In this study, only the convection initiation (CI) stage of an
MCS (defined as the “first hour when a CCS is detected”) is used,
which is represented by the first timestamp of a new storm track.
The use of CCS, rather than precipitation, to define CI has to do
with the timing of the partitioning of sensible and latent heat flux,
along with the different mechanisms involved in the soil moisture–-
precipitation feedback process; these typically occur before substan-
tial precipitation is generated. It has been suggested (e.g., Ford
et al. 2018) that the timing and location of where precipitation
begins does not always accurately represent when and where CI
(as defined by Feng et al. 2019) occurs, therefore investigating soil

FIG. 2. Decision tree detailing the choices made to include or
exclude MCS cases. This figure is adapted from Fig. 1 in Ford et al.
(2015). Initiation height is determined by elevation of initiation
mean latitude and longitude point. Squall-line MCS refers to the
classification of the storm track in MCS2019.

FIG. 3. Convective triggering potential (CTP) and low-level
humidity index (HI_Low) diagram, where each case can fall into
one of four categories: dry coupling, wet coupling, transitional, or
atmospherically controlled. These threshold values are augmented
from the original values outlined in Findel and Eltahir (2003a,b),
based on others who have found the original distributions to vary
geographically and depend on the source of the data.
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moisture conditions associated with convection initiation is more
appropriate than using precipitation as a marker for CI. Other
information fromMCS2019 used in this study includes the location
of MCSs classified by regions outlined in Feng et al. (2019), and
information about MCS type (non-line versus squall line) based on
radar-defined features of MCS structure, such as major axis length
and eccentricity.

b. Land surface data

Soil moisture data (layer 1: 0–7 cm, layer 2: 7–28 cm) and
2-m temperature data matching the same period are taken
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF) ERA5-Land reanalysis (Muñoz Sabater
2019; released July 2019). This high-resolution (0.18 3 0.18)
hourly dataset, produced by replaying the land component
(Orbe et al. 2017) of the ECMWF ERA5 climate reanalysis
(Hersbach et al. 2018, 2020), which is available from 1981 to
the present, was used in order to have an accurate representa-
tion of the smaller scale terrestrial details (Balsamo et al.
2015). First-order conservative remapping is used to match
the ERA5-Land data to the MCS database resolution.

c. Atmospheric data

The ECMWF ERA5 reanalysis (available from 1979 to the
present; Hersbach et al. 2020) is employed for all atmospheric
variables used in this study, including total precipitation, horizon-
tal and vertical velocities, and boundary layer height, and is used
to calculate other local instability parameters such as CAPE and
divergence. First-order conservative remapping is used on all
ERA5 variables to match the MCS database resolution.

FIG. 4. Examples of (a) small box (SB) area (1.258 3 1.258 box)
centered around a latitude and longitude coordinate and (b) large
box (LB) area (58 3 58 box) centered around a mean latitude and
longitude coordinate.

FIG. 5. Histograms of antecedent (1200 UTC) layer 1 volumetric soil moisture anomaly mean
and standard deviation values with respect to number of initiations. (a) Counts of mean soil
moisture values in SB area, (b) counts of mean soil moisture values in LB area, (c) counts of
soil moisture standard deviation values in SB area, and (d) counts of soil moisture standard
deviation values in LB area.
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3. Methodology

a. MCS case criteria

Based on these datasets, the period of analysis covers boreal
summer (June–August), 2004–16. Information from MCS2019 is
used to isolate boreal summer cases of MCSs where (i) the track
is a non-split/nonmerged storm (i.e., the first time step of each
tracked storm is an initiation and not a fragment of an already
mature MCS), and (ii) synoptic-scale influences are not the main
driver of the development of these storms (i.e., including only
“non-line” classified storms). Using daytime-only storms
(1200–2300 UTC) to isolate the influence of the land surface on
CI is another key choice in partitioning cases. A detailed region
of interest for storm selection is identified in Fig. 1, which is based
on the northern Great Plains (NGP) and southern Great Plains
(SGP) sectors of analysis in Feng et al. (2019), and augmented to
better fit the Great Plains region by only including areas between
338–498N and 918–1108W, and below 1200 m in elevation. The
latter criterion removes cases where orographic lifting is aiding in
the initiation of convection, namely, in the foothills of the Rock-
ies. A total of 240 cases meet these criteria, which are geographi-
cally shown in Fig. 1 with reference to their elevation. A decision
tree illustrating the selection algorithm for MCS cases is in Fig. 2.

To verify the assumption that the chosen cases are not
atmospherically controlled (or not occurring in a synoptically
favorable environment), the convective triggering potential
(CTP) and low-level humidity index (HI_Low) (Findell and
Eltahir 2003a,b) are calculated for each case. CTP–HI_Low is
a straightforward way to characterize if and how early morn-
ing atmospheric profiles of humidity and temperatures influ-
ence the development of the boundary layer through the
daylight hours. It is ultimately focused on the different effects
of boundary layer deepening versus moistening in allowing
the planetary boundary layer (PBL) to reach the level of free
convection for convective triggering to occur. This makes it
suitable for determining whether or not daytime rainfall, if
any, is synoptically controlled. Findell and Eltahir (2003a,b)
characterize “wet coupling” as a regime where convection
and cloud formation is preferred over moist soils, “dry
coupling” favors clouds over dry soils, “atmospherically con-
trolled” areas are insensitive to land surface states, and
“transition” regimes are subtle and complicated by other fac-
tors beyond those measured by CTP and HI_Low. They ini-
tially proposed ranges for coupling regimes that suggest when
and how convective clouds and precipitation are likely to be
triggered depending on atmospheric and surface conditions.
Subsequent studies by others have found that distributions
may deviate from the ranges of CTP and HI_Low they pro-
posed, can vary geographically, and depend on the source of
the data (i.e., Ferguson and Wood 2011; Roundy et al. 2014;
Roundy and Santanello 2017). However, some general char-
acteristics have emerged:

• Wet coupling tends to be prevalent at values of HI_Low
between about 3 and 13 K, CTP values up to 250 J kg21,
and even sometimes for negative values of CTP.

• Dry coupling is likely for cases with both CTP above 250 J
kg21 and HI_Low above 18 K.

• Positive values of CTP up to 250 J kg21 with HI_Low
between 13 and 25 K that are not in the dry coupling
regime are mostly in a transitional regime.

• Other values are in the atmospherically controlled regime.

A CTP–HI_Low chart for the 240 cases selected by the algo-
rithm illustrated in Fig. 2 is shown in Fig. 3, which is labeled to
show which cases are dry coupling, wet coupling, transitional, and
atmospherically controlled based on the CTP and HI_Low distri-
butions described above. The majority of cases in Fig. 3 are in the
transitional regime (where either moistening or deepening of the
PBL from surface fluxes would be responsible for convective trig-
gering; 95 cases), and the wet-coupled regime (where exclusively
boundary layer moistening from surface fluxes would be responsi-
ble for convective triggering; 108 cases), with only 37 cases that
could be classified as atmospherically controlled out of 240. While
these ranges of CTP and HI_Low are only indicative and not pre-
scriptive, this classification supports the identification of the 240
MCS initiation cases that are more likely to be influenced by the
land surface state. For comparison, all boreal summer radar-classi-
fied squall cases that occur in the region of interest during day-
time hours (109 cases; summer squalls) are also analyzed.

b. Study area

Using the first mean latitude and longitude point of a selected
MCS track as the center, representative of the storm initiation,
two domains with different sizes are demarcated for each event:
one smaller box (1.258 3 1.258 box; hereafter “SB”), and a larger
box (58 3 58 box; hereafter “LB”), both aligned with constant
latitude and longitude. Examples of these two boxes for an

FIG. 6. 1200 UTC soil moisture anomaly (%; shading) and T2m
anomaly (K; contouring) average composite for SB area centered
around the mean initiation point (center dot). For clarity, the spa-
tial mean T2m anomaly was removed from each event. Significant
soil moisture and T2m anomalies are to be stippled at the 95%
level. The labeled number of grid cells is representative of the
4-km grid spacing used in the MCS database.
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arbitrary mean latitude–longitude point are shown in Fig. 4. The
SB (Fig. 4a) is used to identify the presence of soil moisture het-
erogeneity at the tens of kilometer scale surrounding the immedi-
ate area of initiation, as in Taylor et al. (2011). The LB (Fig. 4b)
was chosen to detect the effect of the large-scale zonal SM gradi-
ent that exists in the Great Plains (dry to moist transitional
region) associated with land–atmosphere interaction zones previ-
ously identified as “hot spots” (Koster 2004).

Analyses of Great Plains MCS initiations using standard
methods (e.g., Taylor et al. 2011), superposed epoch (Adams
et al. 2003) and atmospheric column time series analyses, are
carried out using the two different sized boxes, aiming to
answer the following questions:

1) What is the average anomaly soil moisture (SM) and
2-m temperature (T2m) antecedent to initiation?

FIG. 7. (a) 1200 UTC soil moisture anomaly (%; shading) and (b) T2m anomaly (K; contouring) average composite
for LB area centered around the mean initiation point (center dot) with (a) significant soil moisture anomalies stippled
at the 95% level or (b) significant T2m anomalies stippled at the 95% level. For clarity, the spatial mean T2m anomaly
was removed from each event. (c) Full-field soil moisture (%; shading) and T2m (K; contouring) with T2m stippling
from Fig. 7b. The labeled number of grid cells is representative of the 4-km grid spacing used in the MCS database.
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2) What is the spatial structure of soil moisture and land sur-
face temperature anomalies, and how do they evolve prior
to CI?

3) How does the local atmospheric environment evolve prior
to initiation?

In particular, the evolution of land surface variables and
the local atmospheric environment prior and subsequent to
MCS initiations has not previously been examined. SM and
T2m anomalies are calculated by subtracting the mean
monthly diurnal cycle. Full fields are only used when evaluat-
ing the evolution of the local atmospheric environment. It
should be noted that ERA5 has deficiencies in its representa-
tion of the diurnal cycle of precipitation, particularly in cases
of organized deep convection. Nevertheless, we consider the
quality of ERA5 to be adequate for the analysis herein.

c. Evaluation of significance

Confidence intervals to assess the significance of the rela-
tionship between land surface variables and MCS initiations
were calculated by using a permutation technique within a
bootstrapping resampling method. This procedure accounts
for the fact that the SM and T2m anomaly fields used in all
cases, which are non-Gaussian in nature, are not only spatially
correlated but temporally correlated as well. SB and LB com-
posites of all cases were created at the same locations, times
and dates (i.e., latitude, longitude, month, day, and 1200 UTC
is preserved), but with soil moisture taken from a different
year, to create a synthetic case set. For example, the SB and
LB case composites from 2004 can be created using 2011 soil
moisture anomaly fields (and 2005 case composites can be cre-
ated using 2014 soil moisture anomaly fields, etc.). This per-
mutation is done for all years, wherein the years are
randomized without replacement and without matching years.
The individual case composites are then made as usual, and
averaged to create a mean MCS event composite. This entire
procedure is repeated 1000 times to ultimately produce 1000
unique mean MCS event composites. At each grid point, the
1000 unique values are ranked to create a distribution, and
two-tailed quantiles are calculated for that distribution. The
grid point is deemed significant if the original mean MCS
event soil moisture value exceeds either specified quantile
value. The significance testing for the T2m is analogous. Any
significance testing for the summer squall subset follows the
same protocol as described here, except for using the corre-
sponding case dates and locations for the summer squall
events.

4. Results

To answer the first question, histograms are generated of
the spatial mean and standard deviation soil moisture values
antecedent to the storm initiation at 1200 UTC for SB and LB
areas. The antecedent time is used rather than the exact hour/
beginning timestamp of each track in order to remove the
possibility that rainfall generated by the MCS itself affects
the detection of the CCS, to minimize the error possibly

introduced by biases in the representation of convection in
ERA5, and because the influence of the land surface on the
development of convection is highly dependent on the early
morning condition of the atmosphere (Findell and Eltahir
2003a). For the SB area (Fig. 5a), the mean soil moisture
(layer 1—upper 7 cm) in the majority of cases is dry, but not
significantly so. There is also a long upper tail in the distribu-
tion of Fig. 5a indicating that some cases have significantly
anomalously wet conditions. Figure 5c shows an abundance of
smaller standard deviation values, implying that the condi-
tions within the SB area are largely homogeneous. The stan-
dard deviation values in the LB area (Fig. 5d) are higher
compared to those calculated from the SB area (Fig. 5c), sug-
gesting more heterogeneous conditions that exist within the
domain.

While these characterizations are valuable, the histograms
do not provide any information about the spatial structure of
soil moisture that exists antecedent to initiation and whether
or not the heterogeneity implied to exist in the LB areas is
organized in any way. To understand this, all SB and LB SM
and T2m anomalies are averaged, respectively, to produce

FIG. 8. Zonally averaged 58 mean MCS soil moisture (%) event
composites plotted through time, from 36 h prior to 1200 UTC to
24 h after 1200 UTC, as a function of north–south distance from
the mean point of initiation, for (a) non-squall-line cases and
(b) squall-line cases. Significant soil moisture anomalies are stip-
pled at the 95% level.

G AA L AND K I N T ER 3987DECEMBER 2021

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 09:11 PM UTC



composites of these anomaly fields. Figure 6 shows the com-
posite soil moisture (shaded) and T2m (contoured) anomaly
fields for the SB area surrounding the mean point of initiation
at 1200 UTC. We evaluated the significance of the soil mois-
ture and T2m values in this composite, and no values were sig-
nificant at the 95% level. This composite supports the
conclusion drawn from the soil moisture histogram (Fig. 5a),
wherein the SB area is skewed near normal and near-dry, but
not significantly so.

In Fig. 7, the analogous composite for LB areas is shown.
The shading and line contours are the same in both Figs. 7a
and 7b. Soil moisture and temperature anomaly gradients are
apparent, with anomalously dry soils (anomalously hotter
temperatures) in the southwest quadrant and anomalously
wetter soils (anomalously cooler temperatures) in the north-
east quadrant. The mean point of initiation is over anoma-
lously drier soils (following from Fig. 6), but examining a
larger area surrounding the point of initiation reveals that this
point lies within a transitional region. The significance shading
differs from each plot, where Fig. 7a has stippling for signifi-
cant soil moisture anomaly values at the 95% level, and
Fig. 7b has stippling for significant T2m anomaly values at the
95% level.

As depicted in Fig. 7, the event anomalies are different
from zero, with a confidence of 95%, indicating that this
emerging pattern is different from climatology. It is also
apparent that the SM state is an appropriate proxy for T2m,
with a large anticorrelation (spatial correlation 5 20.93).
This is consistent with the possibility that, in the area of initia-
tion, convection could be induced by mesoscale circulations
caused by the temperature gradient and related pressure gra-
dient that arises in the vicinity of the SM gradient (Taylor
et al. 2011; Taylor 2015; Baur et al. 2018). Since the atmo-
sphere is likely to respond to absolute gradients, we evaluated
the full-field SM and T2m where MCSs occurred, depicted in
Fig. 7c. This figure is a hybrid of the significance shading
in Fig. 7b and the mean full-field SM and T2m that is present
in those locations where the MCS initiation occurred. The figure
shows that the anomalous SM and T2m gradients reinforce a
mean background southwest–northeast-oriented gradient of the
same variables, and that this absolute gradient is substantially
larger (∼7% per ∼5 K range over the 58 boxes) compared to the
anomalous gradient (∼2% per ∼1 K range). While Fig. 7 pro-
vides valuable information, it is still unclear, how these gradients
evolve prior to MCS initiation because this is only a snapshot of
the soil moisture and temperature at 1200 UTC on initiation day.

FIG. 9. Evolution of local instability parameters for non-squall-line events: (a) divergence (1023 s21), (b) equivalent potential tempera-
ture (K), (c) convective available potential energy (J kg21), (d) lifted condensation level (m) and boundary layer height (m), (e) Bowen
ratio (dimensionless), and (f) HI_Low index. The gray band is located between 8 and 10 h after 1200 UTC and is representative of the
timeframe of the majority of initiations.
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To get a better idea of the evolution of the soil moisture
state prior to initiation, zonally averaged 58 mean MCS event
composites are plotted through time (hourly) from 36 h prior
to 1200 UTC on initiation day to 24 h after 1200 UTC on initi-
ation day, as shown in Fig. 8a. The entire domain is anoma-
lously dry prior to 1200 UTC, with moistening of the
northernmost portion of the domain occurring ,10 h before
1200 UTC. This moistening primes the soil moisture to
acquire the gradient depicted in Fig. 7. It then takes ∼10 h for
the MCS event rainfall to completely moisten the domain,
with about half of initiations (∼120) occurring between 2000
and 2200 UTC. This potential precursor of initiation—the
gradual surface moistening a few hundred kilometers to the
north—could be important because of the dynamical and
thermodynamic processes that are generated in response to a
surface moisture gradient. To check whether or not squall-
like storms have the same soil moisture profile through time,
the same analysis was performed for the group of summer
squalls (109 cases) and is depicted in Fig. 8b. The entire
domain is anomalously dry with no addition of moisture in
the domain, except after the onset of event-related precipita-
tion.10 h after 1200 UTC.

Another important component in understanding how soil
moisture influences the initiation of MCS events is to explore

the local atmospheric environment, and in particular, instabil-
ity parameters. A selection of local instability parameters is
plotted in Fig. 9. These variables were calculated through time
at hourly intervals (with the exception of boundary layer height,
which is calculated at 3-h intervals) by taking the spatial average
over the LB domain for each case (taking the spatial average
over the SB domain was also done but did not change the
results). The average of the distribution of values is plotted.

The majority of the parameters in question behave in a
manner expected for convective activity; around the time of
initiation, there is increased convergence, CAPE, equivalent
potential temperature, and a decrease in LCL with an
increase in the boundary layer height, although relatively
shallow. Higher values of convergence are found to occur
,10 h before 1200 UTC, coinciding with the moistening in
the northernmost part of the LB (viz. Fig. 8a). The Bowen
ratio, depicted in Fig. 9e, stays below 1 during the day, indi-
cating a dominant latent heat flux and moistening of the
boundary layer/lowering of the LCL during daytime hours.
This is also supported by the HI_Low index in Fig. 9f, which
indicates sufficient moisture is present in the vicinity of the
initiation. The same analyses done for the summertime squall
cases show an apparent dominant sensible heat flux at the sur-
face (Fig. 10), with lower equivalent potential temperature,

FIG. 10. Evolution of local instability parameters for summertime squall events: (a) divergence (1023 s21), (b) equivalent potential tem-
perature (K), (c) convective available potential energy (J kg21), (d) lifted condensation level (m) and boundary layer height (m), (e)
Bowen ratio (dimensionless), and (f) HI_Low index. The gray band is located between 8 and 10 h after 1200 UTC and is representative of
the timeframe of the majority of initiations.
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higher LCL/BL heights, a Bowen ratio above 1, but a HI_Low
profile that progresses into HI_Low values typically associ-
ated with atmospherically controlled regions.

One of the main influences on CI is the wind field and asso-
ciated horizontal wind shear. In particular, within the LB
area, the direction of the wind is important in generating ver-
tical motion, ultimately playing a role in induced mesoscale
circulations that have been found to influence MCS initiations
in other regions. Using pressure-level ERA5 data, full wind
fields at three levels are shown for the LB areas in Figs. 11a–c.
The wind vectors have the same units and scaling for all plots.
Near the surface (900 hPa; Fig. 11a), winds are southwesterly,
flowing from anomalously drier areas into the transitional
region, and converging over anomalously wetter areas where
the wind speed is reduced. At 700 hPa (Fig. 11b), a veering of
the wind field occurs throughout the domain, with varying
degrees of south-southwesterly winds. At 500 hPa (Fig. 11c),
the steering winds are in the same south-southwesterly direc-
tion and at higher speeds.

The background wind pattern consists of convergence down-
stream and divergence upstream of the drier portions of the
domain. To explore whether or not an updraft is associated with
low-level convergence, the evolution of vertical velocity is also
examined, which is depicted in Fig. 12. It is apparent that at 1200
UTC (in particular at 700 hPa) there is an increased amount of
convergence over the mean point of initiation, which further
intensifies until the initiation in the later afternoon. The conver-
gence maximum is centered just south of the mean initiation
point, coinciding with the drier soil moisture portions of the area
(viz. Fig. 7). A comparison of the vertical velocity evolution for
squall-line cases is shown in Fig. 13.

5. Discussion and conclusions

This study aims to understand how summer MCSs can form
in the Great Plains under unfavorable synoptic conditions
with specific consideration of land surface conditions. While
this question has been addressed in other locations, notably
the semiarid, subtropical Sahel (Taylor et al. 2011) and the
relatively moist northwestern region of Europe (Taylor 2015;
Baur et al. 2018), in this study, an MCS event cata-
log—MCS2019 (Feng et al. 2019)—is used to evaluate MCS
initiations in the Great Plains. By isolating MCS cases where
synoptic-scale influences are not the main driver of develop-
ment (i.e., evaluating only non-squall-line storms), the ante-
cedent soil moisture conditions (1200 UTC) are evaluated
over domains of different sizes (1.258 and 58), centered on
the mean position of the storm initiation, in order to evaluate
the scale-dependent characteristics of MCS initiation. At the
smaller scale, conditions are fairly homogeneous, with
some events having dry SM and other events having wet SM.
The ratio of dry to wet cases in the smaller domain is about
1.3–1.4, i.e., there are 30%–40% more dry cases than wet;
however, the majority of cases are not significantly drier. At
the larger scale, there is more soil moisture heterogeneity,
with anomalously dry soils (anomalously wet soils) located

Fig. 11. Wind field vectors at (a) 900, (b) 700, and (c) 500 hPa,
with soil moisture anomaly (%; shading) average composite for LB
centered around the mean initiation point (center dot). The labeled
number of grid cells is representative of the 4-km grid spacing used
in the MCS database.
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southwest (northeast) of the initiation point, and a distinct
soil moisture gradient that coincides with a temperature gra-
dient at the surface. This gradient evolves from a more

homogeneous anomalously dry domain by a gradual moisten-
ing of the area ∼100–300 km north of the initiation point
,10 h before 1200 UTC.

FIG. 12. Zonally averaged 58 mean MCS vertical velocity (Pa s21) non-squall-line event composites plotted through
time, from 36 h prior to 1200 UTC to 24 h after 1200 UTC, as a function of north–south distance from the mean point
of initiation.

FIG. 13. Zonally averaged 58 mean MCS vertical velocity (Pa s21) summertime squall event composites plotted
through time, from 36 h prior to 1200 UTC to 24 h after 1200 UTC, as a function of north–south distance from the
mean point of initiation.
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A pressure gradient near the surface develops with the tem-
perature gradient, which increases the low-level southwesterly
wind. The southwesterly wind at the surface advects warm air
from over anomalously hot/dry soils toward the anomalously
wet soils, causing two distinct air masses to meet. This induces
upward motion in the transition zone between anomalously
dry and wet soils. In addition, the direction of the background
wind sets up an area of convergence (divergence) over anom-
alously wet (dry) soils, intensifying the updraft region at the
downstream side of dry anomalies within the transitional
region. The convergence due to diminishing low-level winds
and veering of the wind with height further amplifies the
upward motion in this area and eventually results in the for-
mation of an MCS later in the day.

A schematic of this process is illustrated in Fig. 14. Because
the large-scale atmospheric forcing is weak, and secondary
processes are needed in order to initiate an MCS, the impor-
tant part of this process is the moistening to the north of the
initiation point, which sets up a soil moisture and temperature
gradient and influences the dynamic and thermodynamic pro-
cesses in the atmosphere. Although it has not been shown
that the moistening to the north is a necessary condition for
MCS initiation in weak synoptic environments, it is reason-
able to assume that, without the gradient present, other large-
scale lifting mechanisms would be necessary, which are mainly
coincident with synoptic-scale weather features that are not
present in the cases considered here.

The presence of this soil heterogeneity as a potential trigger
of MCS initiation in the Great Plains is similar to previous
results in the Sahel and Europe (Taylor et al. 2011; Taylor
2015) that suggest the meso-b circulations induced by soil het-
erogeneity are prime drivers of MCS initiation. However,
those studies were carried out in different geographical areas,
with very different climatologies, and they did not account for
the synoptic environment when partitioning MCS initiations.
The scale at which the heterogeneity was found to be most
influential in the aforementioned studies was also smaller
(Table 1) compared to the scale of heterogeneity in this par-
ticular study [O(100) km]. There are a number of factors that
could influence the differences in results, namely, the differ-
ence in study location and the sample size (240 in this study
versus.2000 cases in Taylor et al. (2011), Taylor (2015)).

While a goal of this work is to understand how soil moisture
influences the location of MCS initiations, it is important to
note that identifying the mechanisms associated with soil mois-
ture and its influence on MCS initiations is beyond the scope
of this study and requires a more in-depth analysis using con-
vective-permitting modeling, such as the experiments per-
formed in Baur et al. (2018). The results in this paper are also
based on one land surface reanalysis dataset (ERA-5 Land);
the need to perform the same analyses using multiple SM and
T2m datasets is emphasized by Ford et al. (2018).
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FIG. 14. Schematic depicting the impact of soil-moisture heterogeneity on convective initiation. In the last panel, light synoptic winds cre-
ate an ascent region (upward arrow) where the shallow area of low-speed winds oriented over moist soils opposes the mean wind. The pre-
ferred location for convective initiation in this study coincides with the ascent region induced by the heating gradient at the downwind
edge of the dry patch.

TABLE 1. A comparison table of studies and the corresponding
scales at which soil moisture heterogeneity was found to be most
influential.

Scientific study Area of study
Most influential

scale of heterogeneity

Baur et al. (2018) Central Europe 40–80 km
Taylor et al. (2011) Sahel O(10) km
Taylor et al. (2012) Global O(50) km
Taylor (2015) Europe 10–40 km
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Data availability statement ERA-5 and ERA-5 land data
analyses are generated using Copernicus Climate Change Ser-
vice information (2004–16); neither the European Commis-
sion nor ECMWF is responsible for any use that may be
made of the Copernicus information or data it contains. MCS
events in this study are openly available at https://doi.org/10.
5439/1571643 as cited in Feng et al. (2019).
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